Background The different vulnerabilities of heart and brain to hypotension and hypoxia have been discussed. Hemorrhagic or cardiogenic hypotension appears to cause greater cerebral lesions than drug-induced hypotension. The present model was established to evaluate myocardial blood flow (MBF) and function of the heart and cerebral blood flow (CBF) during tachyarrhythmias and to characterize the capacity of blood flow regulation in the heart and brain during tachycardia-induced borderline hypotension.
Myocardial and Cerebral Hemodynamics
During Tachyarrhythmia-Induced Hypotension in the Rat Andreas Hagendorff, MD; Christian Dettmers, MD; Peter Danos, MD; Luciano Pizzulli, MD; Heyder Omran, MD; Matthias Manz, MD; Alexander Hartmann, MD; Berndt Luderitz, MD Background The different vulnerabilities of heart and brain to hypotension and hypoxia have been discussed. Hemorrhagic or cardiogenic hypotension appears to cause greater cerebral lesions than drug-induced hypotension. The present model was established to evaluate myocardial blood flow (MBF) and function of the heart and cerebral blood flow (CBF) during tachyarrhythmias and to characterize the capacity of blood flow regulation in the heart and brain during tachycardia-induced borderline hypotension. Methods and Results MBF and CBF were determined with radiolabeled microspheres. Coronary and central venous oxygen tensions were measured to estimate myocardial and cerebral oxygen consumption (MVo2 and CVo2). Measurements were performed in 62 Sprague-Dawley rats during sinus rhythm and high-rate left ventricular pacing and after hemorrhage. In control rats, MBF and CBF were 5.08±+1.07 and 1.09±0.29 mL g-1. min'. MBF increased (7.21±1.98 mL. g-min-1, P<.05), whereas CBF decreased (0.99±0.29 mL g-1 min-1, P=NS) during normotensive high-rate pacing. MBF and CBF dropped to 4.27±2.24 mL* g.* min' (P=NS) and 0.68±0.29 mL. g`* min' (P<.05) during pacing-induced borderline hypotension and decreased further during severe hypotension (1.77±0.81 mL* g`* min-1, P<.01; 0.45±0.18 mL* g`1 min-1, M 'yocardial and cerebral blood flows (MBF and CBF) remain constant during variations of systemic arterial blood pressure within a range of 70 to 180 mm Hg. This capacity of the coronary and cerebral vessels to respond to blood pressure changes is called autoregulation.1-6 Both MBF and CBF depend on intravascular pressure and metabolic and oxygen demands. In addition, the heart has to generate the pressure for its own perfusion, whereas the brain perfusion is also influenced by the intracranial pressure. Previous studies examined the relation between pressure and flow in the heart and brain.2,7'8 Hypotension models induced by hemorrhage or drugs have been discussed previously.7-9 The lower limit of blood flow autoregulation is close to a mean arterial blood pressure of 60 to 70 mm Hg. 3, 4 These studies revealed that cerebral circulation is affected differently by various models of hypotension. Hemorrhagic or cardiogenic hypotension appears to cause greater lesions than druginduced hypotension.7 This suggests that the brain is more vulnerable than the heart during hypotension. Tachycardia leads to a marked increase in metabolic demands in myocardial tissue.2,3,5,10 The present tachyarrhythmia-induced hypotension model differs from previous experimental designs in two respects: the sudden onset of hypotension, which may hamper the regulatory capacity of vascular resistance, and the effect of increased metabolic demand on the myocardium. Furthermore, extravascular compression is more relevant with decreasing perfusion pressure,"1 and the diastolic perfusion interval is shortened during tachycardias. 3 Hemodynamically compromising tachycardias have two opposite effects on myocardial oxygen consumption (MVo2): a rise in heart beat increases MVo2, but a reduced systolic myocardial function during hypotension decreases MVo2. Thus, the overall effect of tachycardias on MBF is difficult to predict during borderline hypotension. The specific hypotension model was developed to evaluate myocardial and cerebral hemodynamics and myocardial function and to characterize the capacities of MBF and CBF regulation before and during acute tachyarrhythmias. End-organ perfusion was directly determined with the microsphere method, which is not possible with the Doppler technique. [12] [13] [14] 
Methods

Preparation
The experiments were performed on 62 male Sprague-Dawley rats (body weight, 250 to 300 g; Zentralinstitut fir Versuchstierzucht) that were receiving rat pellets and water by a drinking bottle in an ambient environment. After intraperitoneal injection of thiobarbital (Inactin-Byk, 100 mg/kg body wt), a polyethylene tube was inserted into the trachea to ensure unobstructed ventilation. Four vessels were cannulated. One femoral vein catheter was used for drug administration and fluid substitution. Both femoral arteries were catheterized. One catheter was used for continuous blood pressure recording (Gould, Statham) and intermittent arterial blood sampling to measure arterial blood gas tensions and arterial pH (BMS, Radiometer Copenhagen). One catheter was inserted for withdrawal of reference flow during the microsphere injection; the withdrawal rate was 0.6 mL/min. Another catheter was inserted via the right common carotid artery into the left ventricle to inject radioactive microspheres. The correct position of the catheter tip was documented by the left ventricular pressure curve before and after microsphere injection and by necropsy at the end of the experiments. An epicardial lead was positioned for rapid left ventricular pacing.
Tissue Blood Flow Measurements
Using radiolabeled microspheres with a diameter of 15 gm (ISc and`0Ru), we determined MBF and CBF in 50 spontaneously breathing animals.15-18 Approximately 10 000 microspheres were prepared in 0.5 mL physiological sodium chloride solution mixed with 0.03% Tween 80. They were injected into the left ventricle through the heart catheter within 30 seconds. Systemic hemodynamics remained stable during injection. Reference flow was withdrawn 10 seconds before, during, and 30 seconds after microsphere injection. At the end of the experiments, the animals were killed, and the heart and brain were removed. After weighing each tissue sample, we determined its radioactivity with a gamma-counter (Gamma Szint BF 5300, Berthold). Tissue blood flow was calculated according to the following equation: TBF=As X Vref/Aref X Ws where TBF is tissue blood flow, Aref is radioactivity of reference flow, W, is weight of tissue sample, A, is radioactivity of tissue sample, and Vref is velocity of reference flow.
Coronary and Cerebrovascular Resistance
Coronary and cerebrovascular resistances were estimated by the following equation:
TR=Pm/TBF where TR is tissue resistance, TBF is tissue blood flow, and Pm is mean arterial blood pressure.
Determination of Tissue Oxygen Consumption
The heart was exposed through a transsternal thoracotomy in 12 rats to take blood samples from the coronary sinus and the cranial caval vein. The embouchement of the coronary sinus was punctured with a small needle. The minimum distance of the needle tip inserted into the coronary sinus from the right atrium was 1 mm during intermittent withdrawal of coronary venous blood samples. This procedure made possible determination of MVo2 during arrhythmia-induced hypotension.2l10l9-21 The heart was paced by an endocardial lead introduced into the left ventricle via the common carotid artery catheter. Coronary arteriovenous oxygen difference and myocardial oxygen consumption were determined by the following equations: avlAO2(mL OJ100 mL blood)= 1.34xHb X (Sao2-ScVo2) X 10-1 where avA02 is arteriovenous oxygen difference, Hb is hemoglobin concentration, Sao2 is arterial oxygen saturation, and Scvo2 is coronary venous oxygen saturation.
MVo2(mL 100 g.* min'))=avA02xMBF
Caval venous blood samples were obtained after insertion of a polyethylene catheter into the right atrium. The tip of the catheter was 3 cm cranial to the right atrium. Cerebral oxygen consumption (CVo2) can be estimated only using the analogous equations because the intracarotid and extracarotid circulations drain into the cranial caval vein. Therefore, the determined oxygen tensions do not exactly reflect cerebrovenous oxygen tension: CVo2(mL * 100 g`* min-t)=avAO2XCBF
Evaluation of Myocardial Function
Mean arterial blood pressure and heart rate were continuously recorded. Left ventricular pressure was recorded during sinus rhythm and during pacing. Maximal dP/dt and peak left ventricular systolic pressure (LVSP) were determined to evaluate systolic function. Peak negative dP/dt and left ventricular end-diastolic pressure (LVEDP) were measured to assess diastolic function.
Experimental Protocol
MBF and CBF were determined at sinus rhythm (A, n=16) and at high-rate left ventricular pacing, ie, 660 min-1 (B, n=21) and 840 min' (C, n=7). Group B was divided according to the hemodynamic effect of ventricular pacing. Pacing did not produce any significant alterations in systemic arterial blood pressure in group Bi (n=12). Group B2 (n=9) participated in experiments with borderline hypotension between 60 and 80 mm Hg. Severe hypotension was measured in group C. In group D, moderate hypotension caused by hemorrhage (n=6) was evaluated to determine the isolated effect of blood pressure reduction on tissue perfusion. Microspheres were injected exactly 1 minute after the onset of pacing or 1 minute after the induction of hemorrhage. In addition to the blood flow measurements, arterial, coronary, and central venous blood samples were withdrawn from 12 rats in each group.
Estimation of Autoregulatory Capacity
MBF and CBF autoregulation was quantified with the autoregulation index22,23:
where ArI is autoregulation index, F is flow at pressure P, Fi is initial flow at pressure Pi, AF is Fi minus F, and AP is Pi minus P.
An autoregulation index less than 0 means that there is no active vascular response to reduced pressure. An autoregulation index between 0 and 1 describes the degree of autoregulatory capacity. A value of 1 indicates perfect autoregulation.
Statistical Analysis
Values are given as mean+SD. A normal distribution of the data and the comparability of the variances were tested by the F test. Differences between the groups at each pacing period were evaluated with unpaired t test and with ANOVA. Differences were considered statistically significant at a value of P<.05. 
Results
Systemic Blood Pressure
Mean arterial blood pressure ranged from 82 to 128 mm Hg in the control group (A) at sinus rhythm. Heart rate was between 360 and 510 beats per minute. Mean arterial blood pressure ranged between 44 and 130 mm Hg at a pacing rate of 660 beats per minute (group B) and between 25 and 60 mm Hg at a pacing rate of 840 beats per minute (group C). Blood pressure fell to between 65 and 80 mm Hg during hypotension caused by exsanguination (group D).
Blood Gas Tensions
Tissue blood flow measurements were performed during arterial normoxia and normocapnia in spontaneously breathing rats. Arterial oxygen tensions were between 80 and 125 mm Hg, and arterial carbon dioxide tensions were between 39 and 45 mm Hg. Arterial pH was within the normal range (7.38 to 7.42). No significant differences in arterial blood gas tensions and arterial pH were observed between any groups. During ventilation, arterial oxygen tension increased (111+14 mm Hg), and carbon dioxide tension decreased (33±6 mm Hg). Arterial pH was 7.40±0.05. Arterial oxygen saturation was 101 ± 1%. Coronary venous and central venous oxygen tensions were 25±1 and 28 ± 3 mm Hg, respectively. The corresponding oxygen saturations were 30±4% and 39±10%. Arterial and central venous blood parameters did not differ between group A and the other groups (B1, B2, C, or D). Coronary venous oxygen tension significantly (PCVO2) (P<.05) decreased from 24.5±1.1 to 19.6±0.8 mm Hg during tachycardiainduced borderline hypotension and to 17.1±2.6 mm Hg during tachycardia-induced severe hypotension (Table 1 ). Because coronary venous pH decreased from 7.31±0.05 to 7.15 ±0.03 and coronary venous carbon dioxide tension increased from 43.9±6.6 to 57.3±7.2 mmHg during pacing conditions, oxygen affinity to hemoglobin decreased and coronary venous oxygen saturation was significantly reduced in groups B2 and C ( Table 1 ). The arteriocoronary venous oxygen differences of the control group and the groups B2 and C were statistically different (P<.05), mainly because of the increase in oxygen extraction during severe hypotensive pacing ( Table 1) .
Tissue Oxygen Consumption
The normal values of MVo2 and CVo2 were 72.7±+15.4 and 12.7±3.3 mL O2' 100 g`min-1 (Table Fig 1) . The MVo2-mean arterial blood pressure relation is displayed in Fig 2, indicating similar dependencies for tachycardiaand hemorrhage-induced borderline hypotension (groups B2 and D). Because oxygen tensions remained constant in arterial and central venous blood specimens during pacingand hemorrhage-induced hypotension, the estimated CVo2 correlated to CBF in a linear fashion ( Table 2) . Tissue Blood Flow Tables 1 and 2 and Figs 1 and 3 demonstrate the results of tissue blood flow measurements. MBF ranged from 3.51 to 7.57 mL * g1 * min-1 with a mean value of 5.08±1.07 mL-g`1 min-1 in group A during control conditions (Fig 3) . Mean Figs 1 and 3) . The MBF-mean arterial blood pressure relation is comparable to the MVoz-mean arterial blood pressure dependency ( Fig 2) . However, scattering of the MVo2 and MBF values in group B2 are larger than in group D. CBF ranged from 0.65 to 1.61 mL. g`1 min'1 with a mean value of 1.09±0.29 mL* g`1 min`in group A ( 1) . Diastolic function was represented by LVEDP and peak negative dP/dt (dP/dti,,), which were 1±2 mm Hg and -4764±1338 mm Hg/s in control rats. LVSP and dP/dtma significantly decreased in groups B2, C, and D (P<.01). No significant differences in LVSP and dP/dtmax were found between groups B2 and D ( Table 1 , Fig 1) . LVEDP significantly increased in groups B2 and C (P<.05) but was normal in group D. The parameter dP/dt,,r significantly increased in groups B2, C, and D (P<.05) ( Table 1) .
Calculation of Myocardial and Cerebral Autoregulation Indexes
Changes of resistance represent the regulatory response of the coronary and cerebrovascular vessels caused by alterations in systemic blood pressure. The autoregulation indexes (An) determined for changes in blood pressure and blood flow also characterize the regulatory capacity of the coronary and cerebral artery vessels ( (Fig 4) . MBF per beat did not significantly change between groups A and D (Table 1) . A linear regression was also presumed for the MVo2-MBF relation at variable blood pressures during pacing conditions (Fig 4) . The data of group Bi were used to calculate this MVo2-MBF relation. The intersection of the MVo2-MBF regression with the y axis determined from the data of groups A and D and the MVo2-MBF coordinates of group B1 resulted in the equation MVo2=1+ 15.8 MBF (Fig 4) . The Arl was adjusted for changes in perfusion pressure, MBF, heart rate, and myocardial function using the parameter Fc calculated from the linear regressions between MVo2 and MBF (Fig 4) . Fc=Fm+ AMVosrOectedx AF/AMV02 where Fc is corrected flow, Fm is measured flow, ,AMVo<reVed is the difference between the calculated MVo2 according to the equation M0Vo2= 1+ 15.8 MBF and the measured MVo2, and AF/AMVo2 is the slope of the measured flow-MVo2 relation during pacing conditions. The adjusted ArI of the heart was 0.817 in group B2, whereas autoregulation of the brain appeared to be diminished as the Arl of 0.043 indicated (Table 3 ). In addition, the autoregulatory capacity of the heart during hemorrhage-induced borderline hypotension appears to be lower than during the first minutes of tachycardias because Arn values for groups B2 and D differed (0.817 versus 0.488).
Discussion
The experiments were designed to compare the behaviors of MBF and CBF during tachycardias and to elucidate the effects of hemodynamically compromising tachycardias on regulation of myocardial and cerebral hemodynamics. The major finding of this study was that during arrhythmia-induced borderline hypotension autoregulation in the heart was preserved, whereas cerebral autoregulation was diminished.
Myocardial Hemodynamics
It is well known that hemorrhage-and most druginduced hypotension models produce peripheral vasoconstriction.1-5,7-9 In contrast, the reduction of perfusion pressure induces vasodilation of the resistance vessels in organs with an intact blood flow autoregulation. 2-424-26 Regulatory organ capacities appear to differ in various hypotension models. This can partially be expl by differences in tissue oxygen tensions.20-22 [24] [25] [26] The present report describes a tachyarrhythmia-induced hypotension model that caters to a very rapid assessment of hypotension and gives new insights into the interactions of the mechanical determinants of coronary blood flow during tachycardias. It contrasts with previous hypotension models in that MBF is altered by increasing heart rate and oxygen demand.
Effect of Hypovolemic Hypotension on Myocardial and Cerebral Hemodynamics
The purpose of the experimental design of condition D was to determine the relations among MVo2, MBF, and mean arterial blood pressure during hypovolemic hypotension and normofrequent sinus rhythm. Heart rate did not significantly change between groups A and D. With decreasing mean arterial blood pressure, MBF and MVo2 reductions were in a similar range. During normotension (group A) and borderline hypotension (group D) at sinus rhythm, coronary perfusion was mainly influenced by de- creasing left ventricular pressure and dP/dtmax, which reduce MVo2. 35, 27 Subsequently, MBF reduction occurred because a smaller amount of MBF was metabolically necessary. 27 The diastolic perfusion interval was hardly shortened between groups A and D, indicating that extravascular coronary compression did not change. In the presence of coronary autoregulatory vasomotor tone, no evidence for Gregg or Gardenhose phenomena was described.327,2 Autoregulation is considered to be normal above the mean arterial blood pressure range of group D. Coronary autoregulation is defined as the intrinsic capacity of the heart to maintain blood supply relatively constant in response to variations in perfusion pressure.2,3,5 ArICBF, autoregulation index of cerebral blood flow. Myocardial autoregulation indexes were adjusted for changes in heart rate
(AriMBF/f.j and for changes in heart rate, in blood pressure, and in myocardial oxygen consumption (ArIMBF-MVO2-HR).
mainly due to asynchronous atrioventricular and ventricular activation. The increase in peak negative dP/dt and LVEDP reflects reduced diastolic function. Asynchronous ventricular contractions might produce coronary flow reductions through extravasal compression of intramural parts of the coronary arteries. However, during normotensive pacing, diastolic filling was not markedly compromised because the parameters of MBF per beat did not change significantly between groups A and B1. Myocardial oxygen tensions also remained constant, which can be concluded from the unchanged Pcvo2 value.
Effect of Hypotensive Rapid Left Ventricular Pacing on Myocardial and Cerebral Hemodynamics
The aim of the experimental design of conditions B2 and C was to assess the contrasting effects of MVo2 reduction at decreasing perfusion pressure and of MVo2 increase with rising heart rate during hypotensive pacing. Although global MBF was normal during borderline hypotensive tachycardias (group B2), the decrease of the parameters MBF per beat and Pcvo2 refers to the changes in myocardial hemodynamics. The worst effect of tachycardias was the deterioration of diastolic ventricular filling indicated by the significant increases in LVEDP and peak negative dP/dt. Subsequently, a reduction in stroke volume occurred.30-33 The hemodynamic situation was probably aggravated with cycle length shortening because of decreasing tissue energy supply, demonstrated by the reduction of MBF per beat in groups B2 and C. The metabolic demands during hemodynamically compromising hypotensive tachycardias can be estimated by Pcvo2, which decreased in groups B2 and C. Pcvo2 reflects myocardial cellular oxygen tension, which is the crucial factor of coronary autoregulation.22'25 Normal Pcvo2 is lower in rats than in cats, dogs, or humans.3 The difference is probably due to the elevated heart beat under normal conditions. MBF autoregulation capacity is inversely related to PCVo2.22 '29 In dogs, the lower threshold of autoregulation is between 30 and 35 mm Hg. 2, 5, 22 In rats, normal Pcvo2 falls below this value. During the postischemic reperfusion interval after severe hypotension (group C), Pcvo2 increased in the present experiments to 32.7+1.1 mm Hg. A failure of MBF regulation in condition C can be concluded from this marked Pcvo2 increase.
During borderline hypotensive tachycardias (group B2), an increase in metabolic demand was indicated by decreasing PcvM2. On the one hand, MBF was consequently regulated by local metabolic phenomena, and the setpoint of autoregulation was shifted to lower MBF values.3 22 On the other hand, the shorter diastolic perfusion interval limits MBF by extravasal coronary compression.3r6h1g In addition, hypotension reduces coronary perfusion pressure and subsequently reduces MBVO3 1s This effect is normally compensated by myocardial autoregulation.522 Autoregulation of coronary flow is predominant over the extravasal compression in healthy individuals. A reduction in systolic function normally produces anMd s2 decrease, which causes an MBF reduction due to the coupling of MBF and metabolic demand.3 27 Within the range of autoregulation, Msdo2 correlates positively with systolic myocardial function.2A5g10o22c26 LVSP and dP/dtea, were diminished with borderline hypotensive pacing causing MVo2 reduction. An increase in heart beat enhances coronary autoregulation, mainly due to an increase in oxygen demand, which produces a reduction in cellular and coronary venous oxygen tensions. 22, 26 The overall effect appears to preserve an almost intact myocardial autoregulation during tachycardia-induced borderline hypotension. Regional ischemia caused by insufficient oxygen supply is unlikely at this range of borderline hypotension. This observation suggests that blood flow regulation of the heart is primarily protected by MVo2 reduction, referring to subsequent LVSP and dP/dtm. reduction at borderline hypotension during ventricular tachycardias. In contrast, peripheral perfusion is markedly reduced during borderline hypotensive tachycardias as can be concluded from the behavior of cerebral hemodynamics. MBF regulation is also described by the autoregulation indexes. According to the inverse relation between Pcvo2 and autoregulation,22 Ar appeared to be more normal during tachycardias (group B2) than during hypovolemic hypotension. The autoregulatory capacities of groups B2 and D can be compared because of a similar hypotension range. The Arn interpretation of condition C is limited because of low-flow condition during severe hypotension. Changes in MVo2 in group C can also be explained by myocardial ischemia.
Possibly, the balance of MBF and metabolic demand is unstable during high-rate ventricular pacing. MBF regulation can be temporarily impaired because of regional MBF heterogeneities. Asynchronous activation increases tissue oxygen demand but reduces coronary flow by extravasal compression of intramurally situated vessels.3,6,29 Subsequently, the elevated heart rate causes local decreases in myocardial tissue oxygen tensions at a later stage. The lack of energy causes local cellular acidosis and might produce ventricular electrical instability with the subsequent risk of ventricular flutter or fibrillation.30-33 Reduced cardiac output during tachycardias worsens wall motion abnormalities, especially during tissue hypoxia.31 Therefore, hypoxia was suggested to be more dangerous for the heart than for the brain. 34 
Cerebral Hemodynamics
Although metabolic demand of the heart was increased during tachycardias, the same did not hold true for the brain. Cerebral metabolic demand does not change during deep barbiturate anesthesia within the cerebral autoregulatory range.4 Regional differences in neuronal activity because of mental or physical stress can be neglected. Regulation of cerebral circulation was described as a mechanism with two serial resistances. This concept is called the "dual-control" hypothesis of cerebral perfusion."4'7 Regulation occurs through extraparenchymal vessels that are controlled by the autonomic nervous system. It also occurs through intraparenchymal vessels, which are predominantly affected by metabolic and myogenic mechanisms. Therefore, the intraparenchymal resistance vessels cause autoregulatory adaptation in response to variations in arterial blood pressure. Autoregulation results in adequate CBF coupled with metabolic demand.4 It is known that hypotension induced by hemorrhage or phenoxybenzamine shows a different cerebral pressure-flow rela-tion.47-9 This difference was explained by the minor importance of adrenergic fibers present in the resistance vessels that regulate CBF. The effect of tachyarrhythmia-induced hypotension on CBF appears to be comparable to hemorrhage-induced hypotension because similar CBF reductions were observed in groups B2 and D during borderline hypotension. The lower limit of cerebral autoregulation is species dependent and is between 65 and 70 mm Hg in humans and between 70 and 90 mm Hg in rats.'14 Pressure reduction in groups B2 and D was within this range. The autoregulation indexes for both groups indicate that cerebral autoregulation was impaired in both hypotension models. This observation is confirmed by the posthypotensive CBF behavior. Posthypotensive CBF increased during normotension, suggesting "luxury perfusion" due to cerebral hypoxia and acute tissue acidosis. 35 The susceptibility of CBF regulation in comparison to MBF regulation can be explained by the neurogenic mechanisms of tissue blood flow regulation. When mean arterial blood pressure exceeds the lower limit of cerebral autoregulation and the resistance vessels are already dilated, any adrenergic influence on the larger extracranial brain-supplying arteries tends to compromise CBF. During tachycardias, activation of sympathetic efferent fibers as well as levels of adrenergic amines might be elevated. The early loss of CBF regulation during hypotensive tachycardias parallels the occurrence of syncope in experimental and clinical studies after the onset of ventricular tachycardias.1314,36-38 CBF is significantly reduced even during mild hypotension induced by premature ventricular beats or severe aortic valve regurgitation. 39 42 In addition, brain damage can be assumed at an early stage during arrhythmia-induced severe hypotension. [43] [44] [45] [46] Ventricular tachycardias are normally based on circular excitation due to a reentry mechanism. In the present study, a focal tachycardia was induced by an epicardial lead. The hemodynamic consequences of high-rate ventricular pacing may be different than ventricular reentry tachycardias. The measurements were performed on healthy animals. This model might be of major interest during pathological conditions. Hemodynamics of tachycardias will be different in cardiac diseases, ie, left ventricular hypertrophy, dilated cardiomyopathy, coronary artery disease before or after myocardial infarction, and small-vessel disease. The animalto-human transmission of the data might be limited in value. However, the pathophysiological phenomenon of the maintenance of MBF regulation during hypotensive tachycardias observed in rodents might be similar in humans.
Clinical Implications
End-organ perfusion during tachyarrhythmias is mainly influenced by myocardial function and the compliance of the peripheral vascular system. Severe left ventricular dysfunction combined with arteriosclerosis or impaired vessel reactivity can reduce autoregulatory capacity. Therefore, the impact of arrhythmias on CBF is predominant in the elderly, with presenting symptoms like dizziness, syncope, and fatigue44; low-flow in-farcts46; and vascular dementia. 45 Multiple arrhythmias and repeated episodes of reduced CBF probably cause cellular damage. A second jeopardizing factor for the heart and brain may be the disturbed relation between cardiovascular phases, especially diastole and cerebral function during rapid ventricular pacing and ventricular arrhythmias.47 Myocardial and cerebral dysfunction as well as cerebrogenic arrhythmias were observed as a consequence of brain damage.48'49 Because of the time duration of cerebral perfusion measurements, it is difficult and unethical to determine CBF during tachyarrhythmias in patients. Quantification of end-organ perfusion during tachycardias and various cardiac diseases is possible with this model and might be helpful in the development of hemodynamic sensors of antitachycardiac pacing devices.
Conclusions
During pacemaker-induced ventricular tachycardias, remarkable and important differences in MBF and CBF behavior were observed regarding MBF and CBF. Coronary autoregulation was preserved and cerebral autoregulation was impaired, indicating a dissociation of MBF and CBF. The maintenance of MBF regulation during pacing-induced borderline hypotension is explained by MVo2 reduction due to diminished myocardial function and by the setpoint shift and enhancement of coronary autoregulation due to the Pcvo2 decrease. In contrast, coronary autoregulation deteriorated during hemorrhageinduced borderline hypotension. The data suggest that MBF regulation is primarily preserved during borderline hypotensive tachycardias. This experimental model caters to the evaluation of end-organ perfusion during tachyarrhythmias and appears to be suitable for the analysis of myocardial and cerebral hemodynamics during arrhythmias under pathological conditions.
